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Heterotrimeric Gα:Gβγ G proteins function as molecular switches downstream of G pro-
tein–coupled receptors (GPCRs). They alternate between a heterotrimeric GDP-bound 
OFF-state and a GTP-bound ON-state in which GαGTP is separated from the Gβγ dimer. 
Consequently, pharmacological tools to securely prevent the OFF-ON transition are 
of utmost importance to investigate their molecular switch function, specific contribu-
tion to GPCR signal transduction, and potential as drug targets. FR900359 (FR) and 
YM-254890 (YM), two natural cyclic peptides and highly specific inhibitors of Gq/11 
heterotrimers, are exactly such tools. To date, their efficient and long-lasting inhibition 
of Gq/11 signaling has been attributed solely to a wedge-like binding to Gα, thereby 
preventing separation of the GTPase and α-helical domains and thus GDP release. 
Here, we use X-ray crystallography, biochemical and signaling assays, and BRET-based 
biosensors to show that FR and YM also function as stabilizers of the Gα:Gβγ subunit 
interface. Our high-resolution structures reveal a network of residues in Gα and two 
highly conserved amino acids in Gβ that are targeted by FR and YM to glue the Gβγ 
complex to the inactive GαGDP subunit. Unlike all previously developed nucleotide-state 
specific inhibitors that sequester Gα in its OFF-state but compete with Gβγ, FR and YM 
actively promote the inhibitory occlusion of GαGDP by Gβγ. In doing so, they securely 
lock the entire heterotrimer, not just Gα, in its inactive state. Our results identify FR 
and YM as molecular glues for Gα and Gβγ that combine simultaneous binding to both 
subunits with inhibition of G protein signaling.

Gq/11 | G protein inhibitors | FR/YM | BRET | X-ray crystallography

 A hallmark feature of intracellular signaling pathways is the existence of molecular switches, 
proteins that transition between two principal states: ON and OFF. Heterotrimeric 
Gα:Gβγ guanine nucleotide-binding proteins (G proteins) are among these switches as 
the major transducers downstream of G protein–coupled receptors (GPCRs) ( 1     – 4 ). 
GPCRs sense physicochemical signals of different origin from the environment and relay 
these to a network of (intra-)cellular signaling proteins including ion channels, enzymes, 
and kinases and, thereby, impact numerous facets of cell physiology in health and disease 
( 5 ). Because G proteins—at the core of this network—are directly activated by GPCRs, 
cells that express them can connect surveillance of the extracellular environment to efficient 
onset, intensity, duration, and termination of cellular signaling.

 Essential to this regulatory function is the ability of G proteins to bind and hydrolyze 
GDP and GTP nucleotides, respectively. G proteins are composed of a nucleotide-binding 
Gα subunit and a constitutive Gβγ dimer. In the canonical nonsignaling state, GαGDP  is 
bound to Gβγ to form an inactive heterotrimer. Upon activation by ligand-stimulated 
GPCRs [functioning as guanine nucleotide exchange factors (GEFs)] or by nonreceptor 
GEFs, GDP is exchanged for GTP leading to conformational changes in Gα that enable 
a stable engagement of effectors while, at the same time, precluding the interaction with 
Gβγ. Signaling is terminated by GTP hydrolysis, typically assisted by GTPase activating 
proteins (GAPs) or by domains of the G protein effectors that function as GAPs ( 6     – 9 ). 
Physiologically, GTP hydrolysis relieves the high energy state of GαGTP , allowing an 
efficient ON–OFF transition and the return to the GαGDP  form that tightly rebinds to 
Gβγ, thereby completing the activation-deactivation cycle ( 6       – 10 ).

 Pharmacological deactivation of G protein signaling by exogenous chemicals appears 
far more challenging. Despite the discovery of G proteins over four decades ago, disabling 
the signaling function of large heterotrimeric G protein GTPases is still in its infancy. 
Pertussis toxin (PTX), which ADP-ribosylates all Gi/o family members except Gz, and 
the PTX-like protein OZITX, which ADP-ribosylates Go, Gi, and Gz ( 11   – 13 ), render 
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Gi family proteins incapable of coupling to GPCRs only, without 
disturbing their ability to relay signals from nonreceptor GEFs. 
A recently developed nucleotide state-selective macrocyclic Gs 
inhibitor, GD20, sequesters the Gαs OFF-state ( 14 ). However, 
its cell permeable variant cpGD20 requires extended preincuba-
tion times just as the toxins, fails to inhibit Gαs-mediated cAMP 
formation in cells, and potentially prolongs Gβγ signaling, thereby 
fine-tuning rather than disabling the signaling of entire Gs 
heterotrimers.

 In contrast, the natural cyclic depsipeptides FR and YM are 
cell-permeable, display remarkable on-target residence times and 
can be added at will to fully and rapidly blunt signaling of entire 
Gq/11 heterotrimers with unrivaled specificity ( 15 ). Numerous 
preclinical studies have corroborated their power as pharmacolog-
ical research tools to investigate G protein signaling as well as their 
potential for the treatment of complex pathologies involving aber-
rant Gq protein function ( 16         – 21 ).

 Structurally ( Fig. 1A  ) and mechanistically, both depsipeptides 
are remarkably alike. Both are classified as guanine nucleotide 

dissociation inhibitors (GDIs), specifically inhibiting GDP-GTP 
exchange on the Gα subunits of Gq/11 proteins ( 6     – 9 ,  22 ). They 
achieve their GDI function by wedging in between the GTPase 
and α-helical domains of the Gα subunit, thereby preventing the 
motion of the α-helical domain required for GDP release. A 2.9 
Å resolution crystal structure of YM bound to a heterotrimeric 
Gq/i chimera has illuminated key features of its binding config-
uration to and its GDI action on Gαq ( 23 ). Intriguingly, this very 
structure implies but does not resolve whether the obligate Gβγ 
dimer, by itself a GDI for Gα in its basal state, is also involved in 
the inhibitors’ mechanism. Resolving this question is important 
for two reasons. First, to rationalize why FR and YM surpass any 
other compound in suppressing the signaling of entire heterotri-
mers despite the shared scavenging of Gα in its OFF-state. Second, 
to guide the path toward unlocking inhibition of heterotrimers 
for the remainder of large G protein GTPases.        

 To fill this gap, we solved two X-ray structures of the 
Gα11iNβ1γ2 heterotrimer bound to FR and YM at 1.43 and 1.70 
Å resolution, respectively, the highest reported to date for any 

Fig. 1.   Ligand binding and functional characterization of the G11/FR complex. (A) 2D representation of YM-254890 (YM) in dark yellow. FR900359 (FR) has 
the same scaffold as YM but with two extra alkyl moieties at anchors 1 and 2, shown and highlighted in red. The two anchors are located on opposite sides 
of the inhibitor scaffold. (B) Thermostability assay of G11iN3-S in the absence and the presence of FR measuring the ratio of 350 nm and 330 nm tryptophan 
fluorescence. The upper panel shows the unfolding curves and the lower panel displays their first derivative, in which the peaks (maximum and saddle points) 
represent the melting temperature of each species. In the inhibitor-free state, two transitions are observed: one at 51.36 ± 0.16 °C and one at 57.56 ± 0.08 °C. 
Upon FR binding, the unfolding curve changes to a single-transition curve with a point of inflection at 60.94 ± 0.08 °C. Data represent mean ± SEM of at least 
three independent replicates. (C) Representative sensorgram of FR binding (0 to 120 s) and unbinding (120 to 6,000 s) to G11iN3-S measured by grating-coupled 
interferometry (GCI) using the waveRAPID® technology. A single-digit nanomolar binding affinity was determined under the assumption of a heterogeneous 
analyte binding model to account for the biphasic unbinding profile. (D) GTPase Glo assay® measuring specific receptor-induced activation and FR-mediated 
inhibition of purified G11iN3-S. The protein shows some basal activity of GTP depletion (white) that increases moderately in the presence of an inactive GPCR (light 
gray). We used the light-activated GPCR jumping spider rhodopsin 1 (JSR1) to stimulate the G protein and observed a significant increase in GTP depletion rate 
(dark gray) that can be fully inhibited by the addition of FR (red). Data represent mean ± SEM values of at least 6 replicates. We assessed statistical differences 
by a one-way ANOVA followed by a Tukey’s multiple comparisons test (*P < 0.05). “ns” stands for nonsignificant.
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heterotrimeric G protein structure. Our high-resolution structures 
of a G11 heterotrimer accommodating two highly specific inhib-
itors enabled us to identify additional inhibitor contact sites within 
Gα refining and extending i) the structural framework underlying 
inhibitor:Gα interaction and ii) the mechanistic framework under-
lying inhibition of Gα nucleotide exchange. Beyond that, we 
reveal an unexpected role of Gβγ in the inhibitors’ mechanism, 
thereby classifying FR and YM as bimodal ligands acting like 
molecular glues to stabilize the protein–protein interaction 
between Gα and Gβγ. 

Results

 We expressed and purified (SI Appendix, Fig. S1 ) different vari-
ants of Gαq/11 proteins as previously described ( 23 ) to attempt 
the production of diffraction-quality crystals. We successfully 
grew crystals of a heterotrimeric Gα11β1γ2 complex bound to 
FR using the vapor diffusion method at 4 °C and solved its 
structure by X-ray cryocrystallography to a resolution of 1.43 Å 
(SI Appendix, Table S1 ). The construct design was based on pre-
viously reported structures of the Gαq/11 family ( 23 ,  24 ). 
Namely, the N-terminal helix of Gα11 was replaced by the first 
29 amino acids of Gαi1 (Gα11iN1-29) to increase protein sol-
ubility. To optimize expression and purification, an N-terminal, 
cleavable eGFP was fused to Gα11iN1-29. Gβ1 was N-terminally 
fused to a cleavable deca-histidine-tag. The prenylation site of 
Gγ2 was removed by introducing the known mutation C68S to 
create a fully soluble heterotrimer. The final crystallized complex 
was thus Gα11iN1-29β1γ2C68S:FR900359 which will be 
abbreviated from now on as G11iN3﻿-S:FR (3 = heterotrimer; S 
= soluble).

 We assessed the functionality of our construct using several 
methods. First, we measured the thermostability of G11iN3﻿-S in 
the absence and presence of FR ( Fig. 1B  ). In the absence of FR, 
two transitions are observed in the melting temperature curve: 
one at 51.4 °C, corresponding to the unfolding of the Gα subunit 
and one at 57.6 °C, representing the unfolding of Gβγ. Upon FR 
binding, the unfolding curve simplifies to display a single transi-
tion with an inflection point at 60.9 °C. This significant increase 
in melting temperature in the presence of FR indicates specific 
ligand binding to functionally folded protein. Moreover, the 
change to a single melting point that is higher than the two indi-
vidual melting temperatures in the absence of inhibitor suggests 
the unpredicted stabilization of the Gα/Gβ interface—and, thus, 
of the entire heterotrimer—by FR. In addition, FR binding to 
G11iN3﻿-S measured by grating-coupled interferometry (GCI) 
shows nanomolar binding affinity ( Fig. 1C  ), in close agreement 
with values reported in the literature ( 25 ). Finally, we assessed the 
functionality of the purified protein by measuring its GTPase 
activity. We find specific receptor-induced activation and 
FR-mediated inhibition of our construct ( Fig. 1D  ).

 The heterotrimeric G protein displays its typical fold, with the 
Gα subunit composed of a Ras-like GTPase and an α-helical 
domain connected by linker 1 and linker 2/switch I, a Gβ subunit 
with a seven-blade β-propeller fold and an α-helical N terminus 
parallel to the Gγ subunit which further wraps around Gβ 
( Fig. 2A  ). The overall structure superposes well with other struc-
tures of the Gαq/11 family [e.g., 0.8 Å RMSD to the Gαq/i 
heterotrimer bound to YM ( 23 )].        

 FR binds to a central part of the heterotrimer at the interface 
of the two Gα domains and the Gβ subunit and near the 
GDP-binding pocket, in the same site where YM-254890 binds 
to Gq/11 ( 23 ). The high-resolution diffraction data and the result-
ing detailed and well-defined electron density map (SI Appendix, 

Fig. S2 ) allowed the unambiguous modeling of the inhibitor in 
the binding pocket.

 FR binds to a shallow pocket composed of helix α1 in the 
GTPase domain, helix αA in the α-helical domain, and of the 
joining linker 1 and linker 2/switch I. Furthermore, anchor 1 of 
FR extends into a wide-open cleft on the Gα/Gβ interface ( Fig. 2 
﻿B  and C  ). Many putative interactions between FR and Gq have 
been predicted and tested ( 25 ) and many of these are indeed 
observed in our structure. However, our high-resolution data allow 
us to detect additional interactions that provide fresh insights into 
the singular properties of FR.

 In the inhibitor binding pocket, we observed several interac-
tions between the anchor 1 region of FR and the Gβ subunit, 
namely with Ser97 and the previously unidentified Asp118 and 
Arg96 (SI Appendix, Fig. S3 ). The most striking feature is the 
interaction of Arg96, consisting of four direct and one 
water-mediated hydrogen bonds ( Fig. 2C  ). This interaction is 
responsible for four of the eleven polar contacts formed with the 
ligand and presumably contributes decisively to the stability of 
the heterotrimer. From a structural point of view, Arg96/Gβ 
appears to “cover” anchor 1 of FR, locking it in a stable pose in 
an otherwise shallow binding pocket. The ethyl group of anchor 
1 is also positioned near Glu191G.S2.03  [the superscript corresponds 
to the G protein general residue numbering ( 26 )] and Pro193G.S2.05  
of the GTPase domain. Hydrophobic interactions within this triad 
of residues from the Gα and Gβ subunits further stabilize the 
anchor 1 region ( Fig. 2C  ), as shown by its very low average 
B-factors (21.8 Å2 ), indicating an exceptional rigidity of the Gα 
and Gβ interface that contributes to the stabilization of the 
heterotrimer.

 We also observe a previously unrecognized hydrophobic contact 
between the phenyl ring of FR and Ser53G.H1.02  in the P-loop of 
the GTPase domain ( Fig. 2D  ). Ser53G.H1.02  is completely con-
served in all G protein families and is involved in nucleotide bind-
ing and exchange by binding the phosphate groups of GDP/GTP 
and a Mg2+  ion. It has been shown that Mg2+  has a rather low 
affinity (in the millimolar range) to the GDP-bound state of G 
proteins ( 27 ,  28 ) that increases significantly in the GTP-bound 
state toward a low nanomolar affinity. So, despite the presence of 
Mg2+  ions in the purification buffer at a concentration of 1 mM, 
we obtained a magnesium-free structure, as expected in the 
GDP-bound state. In our structure, the oxygen of the Ser53G.H1.02  
side chain is oriented toward both phosphate groups of GDP. This 
places Ser53G.H1.02  between GDP and FR, resulting in a direct 
contact between the side chain and the inhibitor ( Fig. 2D  ). 
Remarkably, this contact between the inhibitor and the P-loop 
was predicted by molecular dynamics simulations of Gq/FR com-
plexes in which the relative mobility of the S53G.H1.02  side chain 
clearly differed between the inhibitor-free and inhibitor-bound 
ensembles ( 29 ). Here, we provide experimental evidence of a direct 
influence of FR on the nucleotide-binding pocket. We suspect 
that FR binding reduces the flexibility of the Ser53G.H1.02  side 
chain, which further hinders efficient nucleotide exchange, reveal-
ing an additional feature to the inhibition mechanism of the 
Gq/11 family by cyclic depsipeptides.

 Moreover, we observed another previously unidentified contact 
between FR and Tyr67G.h1ha.04  ( Fig. 2E  ). This residue is part of 
linker 1 connecting the GTPase and α-helical domains, which is 
associated with the regulation of nucleotide exchange rates as well 
as GPCR interaction specificity ( 30   – 32 ). So far, it was assumed 
that linker 1 showed reduced mobility in the presence of an inhib-
itor solely due to indirect interactions mediated by Arg60G.H1.09  
( 23 ). The additional direct polar interaction with Tyr67G.h1ha.04  
further stabilizes this crucial region. In addition, the structure 

http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
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shows that Arg60G.H1.09  ( 23 ) and Tyr67G.h1ha.04  mutually stabilize 
each other through a cation–π interaction (distance between the 
guanidinium moiety of Arg60G.H1.09  ( 23 ) and the aromatic ring 
of Tyr67G.h1ha.04  = 4.5 Å).

 Based on this high-resolution structure of the G11/FR complex, 
we have been able to identify several interactions not observed in 
the published Gq/YM structure6 . However, it was not possible to 
determine whether these interactions (mediated by Arg96/Gβ, 
Ser53G.H1.02 , and Tyr67G.h1ha.04 ) were unique to the binding mode 
of FR or if they could also be made by YM, as the lower resolution 
of the Gq/YM structure prevented precise modeling of the ligand 
binding pose. For instance, in the published Gq/YM crystal struc-
ture ( 23 ), the inhibitor was not modeled close enough to 
Tyr67G.h1ha.04  for this interaction to be detected. Interestingly, 
there is unexplained positive mF﻿o  − DF﻿c  electron density in the 

Gq/YM maps exactly at this position, suggesting that YM may 
share these features with FR. Therefore, to discriminate between 
inhibitor-specific and more general features rationalizing the mode 
of action of Gq cyclic depsipeptide inhibitors, we determined a 
high-resolution structure of the G11/YM complex as well.

 We adapted the purification and cocrystallization protocols 
using YM instead of FR to grow crystals of a G11/YM complex 
under almost identical conditions. We solved the structure of the 
G11iN3﻿-S:YM complex at a 1.7 Å resolution, allowing us to inves-
tigate the binding modes of both ligands with remarkable accuracy 
( Fig. 3 ).        

 We found that the two protein–ligand complexes align very 
well (RMSD = 0.2 Å), including the ligand-binding sites of FR 
and YM, which are virtually superimposable. While all newly 
described ligand–protein interactions of the G11/FR structure are 

Fig. 2.   X-ray structure of G11iN3-S in complex with FR. (A) Overall view of the crystal structure shown as cartoons with a translucent molecular surface. The 
Gα11 subunit is shown in gray (Gα-RAS: light; Gα-αH: dark), Gβ in cyan, Gγ in dark blue, and linker 1 and linker 2/switch I in orange. FR and GDP are depicted as 
spheres with red and green carbon atoms, respectively. (B) Close-up view of the FR binding pocket. FR and the interacting amino acid side chains (distance < 3 
Å) are depicted as sticks. The inhibitor interacts with residues from both Gα domains, with both linkers and, additionally, contacts R96 from the Gβ subunit (blue 
dashed box). Two additional dashed boxes (gray, orange) highlight other notable ligand–protein interactions, which are shown in greater detail in panels c–e. 
(C) The side chain of R96 in the Gβ subunit extends toward FR in a straight conformation and establishes four direct hydrogen bonds with the inhibitor (blue 
dashed lines). Furthermore, anchor 1 of FR inserts into a small hydrophobic pocket (shown as translucent spheres) composed of the R96 side chain in Gβ and 
E191G.S2.03 and P193G.S2.05 in Gα. (D) Direct interaction of FR with the nucleotide-binding pocket: the phenyl ring of FR contacts S53G.H1.02 at the P-loop through a 
hydrophobic interaction (shown as red translucent spheres and thin lines). Residue S53G.H1.02 also coordinates the phosphate groups of GDP through hydrogen 
bonds (dashed lines). (E) The direct polar contact between FR and Y67G.h1ha.04 in linker 1 (red dashed line) is shown in the foreground. The inhibitor also stabilizes 
linker 1 through a hydrogen bond network mediated by R60G.H1.09, shown in gray (circled dashed lines) in the background.
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also present in the G11/YM structure, we also identified differ-
ences in the protein backbone ( Fig. 3A  ), the ligand-binding poses 
( Fig. 3B  ), and in protein side chains ( Fig. 3C  ), collectively ration-
alizing the slightly lower affinity of YM:G11iN3﻿-S binding as 
determined by GCI (SI Appendix, Fig. S5 ).

 Subtle changes in the protein backbone can be observed around 
anchor 2 ( Fig. 3A  ), where Asp71H.HA.03  and Gly74H.HA.06  of helix 
αA are mildly pushed away from FR compared to YM. The isopro-
pyl moiety of FR is slightly shifted compared to the methyl group 
of YM ( Fig. 3B  ) due to a steric clash with Gly74H.HA.06  and an 
additional contact to Asp71H.HA.03  (SI Appendix, Fig. S6 ). This dis-
placement has only mild consequences on the structure of the cyclic 
backbone of FR, e.g., the N-acetyl side chain is relocated by 0.7 Å 
toward the opposite side of the pocket (i.e., toward anchor 1). 
Another change in the ligand-binding pose is the presence of a 
second conformer of the β-hydroxyleucine side chain near anchor 
1 in YM where one methyl group is rotated by ~80° ( Fig. 3B  ).

 The most noticeable difference between the G11/FR and G11/
YM complexes is at the Gα/Gβ interface ( Fig. 3 C  and D  ). Our 
data show a second conformer of Arg96/Gβ in the YM structure 
( Fig. 3C  ) that relocates the side chain away from YM to interact 
with Asp118 also in the surface of Gβ through a water molecule. 
Both Arg96 and Asp118 are highly conserved in Gβ subfamilies. 
One conformer (occupancy = 0.5) still interacts with YM but is 
tilted by ~70° compared to the G11:FR structure resulting in the 
loss of one of the four hydrogen bonds to the inhibitor. Notably, 
the second conformer, which does not interact with the inhibitor 
directly, is located above the β-hydroxyleucine residue of YM 
(8-HL2 in  Fig. 3C  ), suggesting a possible coupling between these 
two elements.

 In addition to direct interactions between ligand and protein, 
water-mediated effects can contribute significantly to binding ( 33 ). 
The high resolution of our electron density maps allowed us to model 
760 and 804 water molecules in the FR/G11 and YM/G11 com-
plexes, respectively. In shallow and open binding pockets exposed to 
the solvent, the formation of enthalpically favorable first-shell hydra-
tion layers around solvent-exposed parts of ligands can be relevant 
for binding ( 34 ). Indeed, we observe an extended and continuous 
hydrogen bonding network of first-shell waters that extends to polar 
functional groups of the ligand and the protein ( Fig. 4  and 
﻿SI Appendix, Table S2 ). Even though many of these waters do not 
directly contact the ligand, they all show strong electron densities, 
indicating that they are well ordered (SI Appendix, Fig. S7A﻿ ).        

 The remarkable order of the first-shell waters can be attributed 
to the rigidity of the ligands in the binding site, as evidenced by 
their well-defined electron density (SI Appendix, Fig. S2 ). NMR 
studies ( 35   – 37 ) have shown that the cyclic depsipeptide backbones 
of FR and YM also exist primarily in a well-defined conformation 
in water, with all amide bonds in a trans  conformation except for 
one cis  amide bond between the phenyllactic acid and the 
N-methyl- α- β-dehydroalanine residues, which adopt the same 
conformations that we observed in our structures. This rigidity of 
the depsipeptide backbone is compatible with a conformational 
selection binding mechanism ( 25 ). There may be greater diversity 
in the ligand side chain conformations, as observed in the 
β-hydroxyleucine (residue ID: 8-HL2) side chain near anchor 1 
of YM ( Fig. 3B  ). In this case, the preferred conformation will 
depend on the precise backbone geometry but also on the inter-
action of the ligand side chains with neighboring residues in the 
peptide or the protein.

 At the Gα/Gβ interface, near anchor 1, the first-shell water 
layer over the ligands is less dense due to the shielding by Arg96/
Gβ. The smaller acetyl group in anchor 1 of YM allows the pres-
ence of water A that bridges the inhibitor to the backbone of 

Arg96 ( Fig. 4  and SI Appendix, Fig. S7B﻿ ). However, the larger 
propionyl in anchor 1 of FR shifts water A (SI Appendix, Fig. S7B﻿ ), 
resulting in the relocation of the Arg96 side chain closer to anchor 

Fig. 3.   Comparison between the G11/FR and the G11/YM crystal structures. 
The structures were aligned on the Cα atoms of the protein. (A) Local structural 
differences between the binding pockets (measured as relative RMSD of the 
protein Cα atoms) are used to color the protein surface around FR. RMSD values 
are depicted with a color gradient from light gray (RMSD = 0.05 Å; nearly identical 
local protein structure between FR and YM) to red (RMSD = 0.7 Å; maximum 
differences). The changes are subtle and can only be clearly observed in the 
region near anchor 2, where Asp71H.HA.03 and Gly74H.HA.06 of helix αA are mildly 
displaced away from FR compared to the G11/YM structure. (B) Comparison of the 
ligand binding poses. The two ligands show only small structural differences. In 
particular, the ligand core (shaded in gray) is highly similar. The main differences 
appear near both anchors (shaded in red). A small difference in the position 
of anchor 2 in FR translates into a small local rearrangement of its backbone. 
In addition, a second conformer of the β-hydroxyleucine (residue ID: 8-HL2) 
side chain near anchor 1 is observed in YM with 0.5 occupancy. In the figure, 
residues in FR and YM are labeled according to their assigned residue ID (Fig. 1A 
and SI Appendix, Fig. S4). (C) Detailed view of the region around anchor 1 of FR 
(Left panel) and YM (Right panel). The interactions of R96/Gβ with FR include four 
direct hydrogen bonds (red dashes). In the presence of YM, however, R96/Gβ 
displays two conformations: The first conformer (occupancy 0.5) is similar to 
that of FR, forming three hydrogen bonds with YM (yellow dashes). Interestingly, 
a second conformer that does not contact YM is also observed. (D) Interaction 
plots between both ligands and the binding pocket (FR Left, YM Right). Residues 
of FR/YM and G11iN3-S within 4.5 Å of the ligands are represented as filled circles 
colored as in Fig. 2A. The lines depict contacts between residues within a radius of 
3.5 Å. The thickness of the line represents the number of interatomic interactions 
between the residues (thin = single interaction; thick = two interactions). Solid lines 
correspond to polar interactions and dashed lines to van-der-Waals contacts. In 
the YM plot, the conformational variability of R96 is depicted by representing its 
weaker interactions with the ligand as dotted lines.

http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
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1 of FR. This allows the formation of further polar and hydro-
phobic interactions with FR, which may translate into the 
observed conformational stability of the Arg96 side chain.

 In summary, our structures reveal three unrecognized mecha-
nistic features underlying the action of FR and YM. The inhibitors 
i) stabilize the GDP-bound conformation via a direct contact to 
Ser53G.H1.02  in the P-loop of the GTPase domain, ii) increase the 
rigidity of linker 1 by contacting Tyr67G.h1ha.04 , further hindering 
nucleotide exchange, and iii) the long side chain of Arg96 in Gβ 
disrupts a first-shell layer of waters in a shallow binding pocket 
and holds over the inhibitors, tightly over FR and more loosely 
over YM. Furthermore, our structures reveal previously unrecog-
nized direct polar interactions of both inhibitors with the Gβ 
residue Arg96. This led us to hypothesize a more prominent role 
for the Gβγ complex in the inhibitors’ mechanism than just acting 
as a GDI for GαGDP . We hypothesized that direct inhibitor–Gβ 
interactions could translate into enhanced stabilization of the G 
protein heterotrimer—beyond Gα inactivation alone.

 To test this hypothesis, we used site-directed mutagenesis to 
mutate Arg96 in Gβ to alanine. We then assessed its potential 
involvement in inhibitor binding by recording GCI sensorgrams 
for FR and YM and compared these with G11iN3﻿-S WT. Indeed, 
our results indicate that the R96A mutation leads to a modest but 
detectable decrease in affinity (two- and three-fold) for both lig-
ands (SI Appendix, Fig. S5 ). We then turned to thermal stability 
analysis of wild-type and R96A heterotrimers in the presence and 
absence of the inhibitors ( Fig. 5A  ). In the absence of inhibitors, 
the wild-type and mutant heterotrimers display near-identical 
biphasic curves with two distinct unfolding events, indicating that 
the R96A mutation does not impact protein stability in the 
inhibitor-free state. For the wild-type heterotrimer, addition of 
FR or YM results in a concentration-dependent thermal stabili-
zation and change into a monophasic unfolding profile. Notably, 
in the R96A mutant, inhibitor-mediated enhancement of thermal 
stability was significantly diminished, consistent with the role of 
Arg96/Gβ as a direct inhibitor contact site. To more accurately 
characterize the thermal stability of wild-type and R96A hetero-
trimers, we plotted its dependence on the inhibitor concentration. 
( Fig. 5B  ). We observed that the wild type was more effectively 
stabilized by both inhibitors than the mutant (solid vs dashed lines 
in  Fig. 5B  ) and that FR confers slightly greater stabilization than 
YM for both the wild type and the mutant (red vs yellow lines in 
 Fig. 5B  ). These data indicate that the loss of inhibitor contact to 

Arg96/Gβ significantly diminishes their ability to stabilize G11 
heterotrimers. We have quantified this effect in  Fig. 5C   and 
noticed that at equimolar concentrations of inhibitor and protein, 
inhibitor-mediated enhancement of thermal stability differs 
between FR and YM [ΔTm  (FR) = −1.41 ± 0.12 °C; ΔTm  (YM) 
= −0.96 ± 0.07 °C], consistent with our structural findings. This 
difference disappears at saturating concentrations, where both 
inhibitors display a similar behavior −ΔTm  (FR) = −1.73 ± 0.12 °C; 
ΔTm  (YM) = −1.71 ± 0.16 °C]. These data reveal that both inhib-
itors exhibit a molecular glue function between the Gα subunit 
and the Gβγ complex which is mediated by Arg96/Gβ.        

 To investigate whether heterotrimer stabilization can be reca-
pitulated in a cellular environment, we monitored the effects of 
FR and YM on Gα11:Gβ1γ2 heterotrimers in their basal state in 
living cells. We limited the inhibitor effects to Gα11 heterotrimers 
by reexpressing wild-type Gα11 and the crystallization construct 
Gα11iN1-29 in CRISPR/Cas9 gene-edited HEK293 cells lacking 
all other Gα subtypes apart from Gαi/o (HEK293 Δ7) ( 38 ). We 
then employed a bioluminescence resonance energy transfer 
(BRET)-based approach measuring the competition for Gβγ 
binding between the Gα11 subunit and a membrane-associated 
Gβγ-effector mimic, the C-terminus of GPCR kinase 3 (mas-
GRK3ct). BRET was achieved by tagging the Gβγ dimer with a 
split Venus as BRET acceptor and masGRK3ct with nano lucif-
erase as the BRET donor. In this experimental setup, sequestering 
of free Gβγ dimers by masGRK3ct produces high BRET signals, 
which are diminished by coexpressed Gα11. A stabilization of 
Gα11:Gβγ heterotrimers by FR and YM would shift the equilib-
rium toward Gα-bound Gβγ and away from Gβγ:masGRK3ct, 
and hence manifest in a BRET decrease ( Fig. 6A  ). This sensor is 
particularly suited to investigate our question, as it uses split 
Venus-tagged Gβγ and changes in BRET ratio can be unambig-
uously assigned to differences in the direct interactions between 
the transfected Gβ subunit and the Gα11:inhibitor complex, while 
bypassing the confounding contribution of endogenous Gβ 
proteins.        

 The addition of both FR and YM decreased the basal BRET 
ratio, indicating a shift of the G protein population toward 
Gα:Gβγ heterotrimers for both Gα11 wild type ( Fig. 6 B, i  and 
﻿C  ) and the crystallization construct Gα11iN1-29 (SI Appendix, 
Fig. S8 A, i  and ii ). Interestingly, the effect on BRET amplitude 
induced by YM is smaller than that induced by FR, in accordance 
with its smaller shift in the thermostability assays and the observed 

Fig. 4.   Ligand solvation. Water networks in the first solvation shell of FR (Left panel) and YM (Right panel). Water molecules are represented as small spheres 
(FR = red, YM = dark yellow), ligands are shown as spheres (FR = red, YM = dark yellow), the interacting protein residues as sticks, and the protein backbone as 
translucent cartoons. Water–water interactions are indicated with thick dashes and water–ligand and water–protein interactions are represented by thin black 
dashes. Differences in the solvation of both ligands, with a stronger solvation of YM, could potentially contribute to the different binding profiles of FR and YM.

http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
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differences in Gβ contacts in the crystal structures. This drop of 
BRET is not likely to originate from reduced basal activity, as both 
inhibitors suppress basal IP1  production to the same extent 
( Fig. 6D  ). Though likely, it is not clear whether the observed 
BRET decrease invariably depends on a direct physical interaction 
between FR and YM and Arg96 in Gβ. To investigate this, we 
made use of the previously created Gβ R96A mutant.

 Consistent with our thermostability data and with the contri-
bution of Arg96 to heterotrimer stabilization, mutation of Arg96 
to Ala significantly reduced the stabilizing effect of the inhibitors 
on the heterotrimer in unstimulated cells, for both Gα11 wild 

type and Gα11iN1-29 ( Fig. 6 B, ii  and C   and SI Appendix, Fig. S8 
﻿A, iii  and B ). We also probed the relevance for heterotrimer sta-
bilization of the previously unidentified Asp118/Gβ and Ser97/
Gβ within the inhibitor-binding pocket. The BRET profiles of 
the respective alanine mutants of Asp118/Gβ and Ser97/Gβ in 
addition to R96A ( Fig. 6 B, iii  and iv  ) suggest that the two highly 
conserved residues within Gβ, Arg96 and Asp118, fully account 
for the heterotrimer stabilization observed with FR and YM.

 In turn, we hypothesized that heterotrimer stabilization by the 
inhibitors should be compromised in the background of an already 
stabilized heterotrimer. We tested this hypothesis with a heterotrimer 

Fig. 5.   Influence of R96/Gβ on inhibitor-induced G protein heterotrimer stabilization. (A) NanoDSF data from titration of FR or YM on different G11 variants using 
a protein concentration of 5 μM. The plot shows mean values from at least three independent replicates. The normalized unfolding curves from the 350 nm/330 
nm ratio represent the fraction of unfolded heterotrimeric G11 variants. The ligand concentration ranges from 200 μM (red for FR/yellow for YM) to 0 μM (black). 
The curves display the same shape as described in Fig. 1B. (B) Thermal stability concentration–response curves of G11iN3-S WT and the R96A mutant in the 
presence of FR and YM. Melting points were calculated from the inflection points of the curves in panel (A). The melting temperatures are shown as circles for 
G11iN3-S WT and triangles for the R96A/Gβ mutant. Solid (WT) and dashed (R96A) lines show the fitted data with a 95% CI. (C) Difference in melting temperature 
[ΔTm = Tm (R96A) – Tm (WT)] at either saturating or equimolar inhibitor concentrations derived from the curves shown in panel (A). Bars represent the mean ± 
SEM from at least three independent experiments. Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple comparisons test 
(*P < 0.05). The negative values indicate a relative destabilization induced by the mutation.

http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
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harboring GβR96L, a loss-of-function Gβ variant causally related to 
severe global developmental delay ( 39 ). This disease-causing Gβ 
mutant has been reported to show enhanced Gα binding and should, 
therefore, display lower propensity to further stabilization by FR and 
YM. Indeed, BRET decreases were largely diminished for both inhib-
itors on Gα11:GβR96LGγ2, entirely consistent with the reduction 
of a stabilizing effect in an already stabilized mutant ( Fig. 6 B, v  and 
﻿C  ). In contrast, an equally efficacious inhibition by FR and YM was 
observed when Gα11:GβR96LGγ2 heterotrimers were activated with 
carbachol-bound muscarinic acetylcholine receptor 3 (M3R) 
( Fig. 6E  ). These data discriminate active heterotrimer stabilization 
(differential action for both inhibitors) from stabilization through 
inhibition of ligand- and GPCR-mediated G protein signaling (iden-
tical action for both inhibitors). Moreover, because mutations of 
Arg96, Asp118, and Ser97 in Gβ do not impact inhibitor potency 
( Fig. 6E  ), our data also indicate that the inhibitor:Gα interaction is 
sufficient to block G protein activation, consistent with the previous 
finding that Gβγ is neither required nor conducive to inhibition of 
nucleotide exchange by YM of Gαq ( 23 ). Activation potencies of 
carbachol-stimulated G11 heterotrimers by exogenous M3R were 
comparable across all mutations, attesting intact activation profiles 
similar to those observed with G11 wild-type proteins (SI Appendix, 
Fig. S9 ). Interestingly, mutation of Val184G.hfs2.03  in linker 2/switch 
I at the opposite side of the inhibitor binding site did not impair 
heterotrimer stabilization by the inhibitors, as was the case for the Gβ 
mutants ( Fig. 6 B, vi  and C   and SI Appendix, Fig. S10 ). These data 
further support the prominent role of inhibitor:Gβ interaction in 
heterotrimer stabilization.

 In summary, both thermostability and BRET data demonstrate 
that the stabilization of the entire heterotrimer—and not just the 
Gα subunit—is an additional molecular feature in the mode of 
action of FR and YM.  

Discussion

 Large heterotrimeric G protein GTPases are guanine nucleotide-
dependent switches essential for numerous cellular processes. Their 
signaling is GTP-dependent and tightly controlled—allosterically 
and through protein–protein interaction (PPI)—by several regu-
lators: GEFs such as GPCRs, GAPs, and guanine nucleotide dis-
sociation inhibitors (GDIs) ( 6     – 9 ). Targeting of G proteins by 
small molecule or rationally designed peptide GDIs to control 
nucleotide cycling and signaling is known to be notoriously diffi-
cult ( 40 ). Two prominent exceptions are the natural cyclic depsi-
peptides FR and YM, which function as GDIs and fully silence 
the signaling of Gq, G11, and G14 with high specificity ( 15 ,  23 ). 
No other pharmacological agent even comes close to their effec-
tiveness in suppressing the signaling of entire heterotrimers in 
living cells ( 40   – 42 ).

 In this study, we use X-ray crystallography along with biochem-
ical and cellular assays to provide a molecular explanation for their 
unique pharmacological behavior. Both inhibitors similarly lock 
GαGDP  in its OFF-state by stabilizing the flexible hinge regions 
and constraining Ser53G.H1.02  in the P-loop in a position that is 
incompatible with activation. FR and YM also interact directly 
with two highly conserved residues in Gβ, Arg96 and Asp118, 
the former shielding both inhibitors, more tightly over FR than 
YM ( Fig. 3C  ). We used site-directed mutagenesis, thermostability, 
as well as cellular BRET assays to unveil that FR and YM actively 
capitalize on the established GDI function of Gβγ by enhancing 
the protein–protein interaction between GαGDP  and the Gβγ com-
plex. Compellingly, replacing the key residues Arg96 and Asp118 
by alanine (to remove Gβ:inhibitor interactions) or by leucine (to 
mask the inhibitors’ stabilizing effect), selectively attenuated 

(R96A) or abrogated (R96A/D118A; R96L) inhibitor-mediated 
Gα:Gβγ subunit interaction without affecting inhibition of G 
protein–intrinsic or ligand-induced Gq signaling. We term this 
feature of the natural cyclic depsipeptides “active heterotrimer 
stabilization,” differentiating it from the inhibition of intrinsic 
and GPCR-induced G protein signaling.

 Based on our findings, we propose to reclassify the modes of 
action of Gq/11 inhibitors into two main classes: those that inter-
dict Gα nucleotide exchange while tolerating the inhibitory occlu-
sion of Gβγ, and those that inhibit Gα nucleotide exchange but 
compete with Gβγ in their action ( Fig. 7 ). Only the former, epit-
omized by FR and YM, will securely lock entire heterotrimers in 
the OFF-state in living cells. Intriguingly, the two cyclic peptides 
not only tolerate Gβγ while inhibiting Gα, but even actively pro-
mote the PPI between the inhibited Gα and Gβγ through direct 
engagement of R96/D118:Gβ. Because Arg96 and Asp118 are 
highly conserved among Gβ subunits, this mechanism is likely to 
be generally applicable to the stabilization of Gq/11 heterotrimers, 
regardless of the combinatorial diversity of Gβγ subunit com-
plexes. It might even be extended to other G protein subfamilies 
by engineering FR/YM-scaffolds with altered Gα recognition 
profiles. This stabilizing effect of the Gα:Gβγ heterotrimer is not 
to be confounded with the inhibition of nucleotide exchange on 
the Gα subunit, which does not require inhibitor interaction with 
Gβγ ( 23 ) and is therefore not affected by mutations within Gβ.        

 Interestingly, there is a precedent for heterotrimer stabilization: 
The antibody fragment FAB16 ( 43 ) recognizes an interface between 
the N terminus of the Gαi and Gβγ subunits. Its binding to the 
interface moderately impairs heterotrimer dissociation, conferring 
some resistance to dissociation upon GTPγS addition. Unlike FR 
and YM, FAB16 is not selective for the nucleotide-binding state of 
the G protein. This suggests that the entire Gα–Gβ interface of G 
protein heterotrimers could be a target for structure-based drug 
screening to find new inhibitors acting as “Gα–Gβ glues” that fully 
hinder heterotrimer dissociation.

 Our structures also allow the rationalization of observed struc-
ture–activity relationships of FR and YM synthetic derivatives ( 35 , 
 44 ). Essentially, the reported (semi-)synthetic FR- and YM-based 
peptides harbor modifications at various positions that in most 
cases drastically reduce their inhibitory ability ( 45   – 47 ). Most nat-
ural analogs, however, present variations primarily at the acyl chain 
of anchor 1 ( 48 ). This indicates that there is room for structural 
variation specifically at the site, which is determinant for optimal 
inhibitor:Arg96/Gβ interaction and, consequently, for heterotri-
mer stabilization, but not in most other parts of the molecule. 
Interestingly, anchor 1 of FR is directed toward a polar pocket 
(Ser98 in Gβ and Arg202G.S3.04  in Gα) that contains several 
well-ordered water molecules (SI Appendix, Fig. S7B﻿ ), suggesting 
that addition of polar groups at anchor 1 may further stabilize the 
Gα:Gβ–ligand interface. We anticipate that our high-resolution 
structures will contribute to the targeted development of new FR 
derivatives with the potential to explore the tunability of the 
Gα:Gβγ interaction.

 Owing to their vital roles in the cell, dysregulation of G pro-
tein signaling is linked to a wide range of diseases ( 16 ,  18 ,  39 , 
 49               – 57 ). For the same reason, nature may have “selected” G 
proteins as targets of particularly efficacious virulence factors. 
Prime examples include PTX, cholera toxin, and Pasteurella mul-
tocida  toxin, members of the A-B toxin family, which enter host 
cells to access their G protein substrates and disrupt cellular 
function and physiology in multiple ways ( 58 ). In contrast to 
all natural compounds that securely and specifically perturb G 
protein function, the development of small molecules targeting 
heterotrimeric G proteins has been notoriously difficult ( 40 ). In 

http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418398122#supplementary-materials
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Fig. 6.   FR and YM stabilize the Gα11:Gβγ heterotrimer in cells through an interaction with R96/Gβ. (A) BRET assay in living cells, in which Gβγ is tagged with 
split Venus (BRET acceptor) and masGRK3ct with NanoLuc luciferase (Nluc, BRET donor). The binding of free Gβγ to masGRK3ct results in a basal BRET signal. 
Inhibitor-induced heterotrimer stabilization shifts the equilibrium further toward Gα-bound Gβγ resulting in a BRET ratio decrease. (B) Effect of FR or YM addition 
(10 µM, saturating concentration) on the BRET signal in HEK293 Δ7 cells transiently transfected with the indicated Gα11 and BRET sensor constructs, as well as 
PTX-S1. BRET traces represent mean ± SEM of at least five independent biological replicates. (C) Violin plot summary of the BRET data shown in (B). (D) Effect of 
FR or YM addition (10 µM, saturating concentration) on basal IP1 accumulation in HEK ΔGq/11-KO cells transiently transfected with BRET sensor constructs and 
PTX-S1, and with either Gα11 or vector control. Data are mean + SEM of four independent biological experiments done in triplicate. (E) Buffer-corrected BRET 
ratio concentration-inhibition curves after preincubation with FR or YM (inhibition of carbachol signal induced at its EC90 via muscarinic acetylcholine receptor 
M3) in HEK293 ∆7 cells transiently transfected with Gα11 and the indicated Gβγ split Venus constructs, Nluc-tagged masGRK3ct, and M3 receptor, as well as 
PTX-S1. Note that “buffer” represents conditions without carbachol and FR/YM. Data points are mean ± SEM of three to eight independent biological replicates. 
BRET: bioluminescence resonance energy transfer, masGRK3ct: myristic acid attachment peptide-fused GRK3 c-terminus; CCh: carbachol.
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this context, cyclic depsipeptides have emerged as promising alter-
natives in the search for inhibitors of this protein class ( 15 ,  23 , 
 45 ,  59 ). GN13 and GD20 are two recent examples that either 
antagonize the Gαs ON-state (GN13) or sequester the Gαs 
OFF-state (GD20) ( 14 ). However, their cell permeable variants 
do not disable the signaling of entire Gs heterotrimers. FR and 
YM, on the contrary, securely lock entire heterotrimers in the 
inactive state ( 60 ). We recognize that heterotrimer stabilization 
by FR and YM is not necessary for the blunting of Gq/11 signaling 
(because inhibition of Gα does not require Gβγ), but we suggest 
that inhibition of Gα while simultaneously binding to Gβγ may 
be a strategy for maintaining both subunits of large GTPases in 
their inactive state. We anticipate this feature may become key to 
unlocking the inhibition of the remaining large G protein GTPases.  

Materials and Methods

Chemicals. FR900359 was isolated and purified from Chromobacterium vaccinii 
as described elsewhere (61, 62). YM-254890 was purchased from Fujifilm.

Protein Expression and Purification. The G11iN3-S WT and R96A heterotrimer 
were expressed in High Five insect cells (Invitrogen, Waltham) and purified on 
ice or at 4 °C as described elsewhere (23) with small modifications, which are 
outlined in more detail in supplementary material.

Protein Crystallization, Data Collection and Processing. Concentrated 
G11iN3-S WT heterotrimer solution was crystallized at 4 °C using the sitting-
drop vapor diffusion method at a concentration of 32 mg/ml (370 µM) with a 
twofold molar excess of FR or YM. X-ray diffraction data were collected at the Swiss 
Light Source, Paul Scherrer Institute, Villigen, Switzerland, and processed with 
autoPROC (63). The structures were solved by molecular replacement. Details are 
described in supplementary methods section.

GTPase Glo Assay® (Promega, Madison). Reactions were set up in 384-well, 
low-volume, white, solid-bottom plates (Greiner Bio-One, Kremsmünster, Austria) 
and carried out at 20 °C under dim-red light conditions. Each condition was 
prepared with N = 8. 2.5 µL of protein (±FR900359) solution containing 2 µM 
G11iN3-S, 0.2 µM dark-state or light-activated Jumping Spider Rhodopsin 1 (64) 
were mixed with 2.5 µL of 2 µM GTP solution. The plate was sealed and incubated 
for 180 min shaking at 500 rpm. Subsequently, 5 µl of GTP-Glo reagent was 
added to each well and the reaction was carried out for 30 min. Finally, 10 µl 
of Detection Reagent was added. Luminescence was measured after 5 min in a 
PheraStar FSX (BMG labtech, Ortenberg, Germany) plate reader (Optical module: 
LUM plus, Gain: 3,600, focal height:14, 1 s/well).

Differential Scanning Fluorimetry. Melting temperatures were assessed using 
Differential Scanning Fluorimetry (DSF) on a Prometheus Panta (NanoTemper 
Technologies GmbH, Munich, Germany). Purified G11iN3-S WT and G11iN3-S 
R96A were diluted in DSF buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 1 mM 

MgCl2, 50 µM GDP, 100 µM TCEP) to 5 µM in the presence of FR or YM or an 
equivalent volume of DMSO. A twofold dilution series of each ligand (200 µM to 
0.19 µM) was used to generate dose–response curves. After a 15-min incubation 
on ice, samples were analyzed using a linear temperature gradient ranging from 
35 to 75 °C with a slope of 0.5 °C/min. Fluorescence was measured 33 times per 
°C, with the optimal excitation energy autodetected and set to 60%.

GCI. Kinetic binding measurements were performed using GCI on a Creoptix 
WAVEdelta system (Creoptix—a Malvern Panalytical brand). All four flow channels 
of a PCH Creoptix WAVEchip (sensor chip) were conditioned according to the 
manufacturer’s specifications. The surface was activated by a 420-s injection of 
0.4 M EDC [1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride] and 
0.1 M NHS (N-hydroxysuccinimide) at a flow rate of 10 μl/min. Purified wild-
type G11iN3-S and G11iN3-S R96A were injected at 20 μg/ml in immobilization 
buffer (10 mM Na-Acetate, pH 4.5) onto separate flow channels and covalently 
coupled to a final level of 8,000 to 9,000 pg/mm2. The surface of all channels was 
passivated by a 420-s injection of 1 M Ethanolamine pH8 and then stabilized 
with several injections of running buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 1 
mM MgCl2, 20 μM GDP, 100 μM TCEP, 2% (v/v) DMSO). FR and YM were diluted 
from a 10 mM DMSO stock to 5 μM in running buffer and injected using the wav-
eRAPID method (65) with 6 pulsed injections of increasing duration over 120 s, 
followed by 6,000 s of running buffer to follow ligand dissociation from wild-type 
G11iN3-S and G11iN3-S R96A. Data analysis was performed using the Creoptix 
WAVEcontrol software (Creoptix—a Malvern Panalytical brand). The response sig-
nals were double-referenced, subtracting the signal recorded on the reference 
channel without protein as well as the signal recorded from blank injections with 
running buffer. Double-referenced signals were fit to a heterogeneous analyte 
binding model, determining two sets of association rate (ka), dissociation rate 
(kd), and dissociation constant (KD), as well as a maximum response (Rmax) and 
an apparent dissociation constant (App KD) for the interaction.

Chemicals for Cellular BRET and IP1 Accumulation Assays. BRET substrate 
(Nano-Glo®) was purchased from Promega. DMEM, trypsin (0.05%), FCS, and 
HBSS were purchased from Thermo Fisher Scientific. The IP-One Gq Detection 
Kit was purchased from Revvity. Primers were from Invitrogen and enzymes for 
mutagenesis were from Promega. If not stated elsewhere, all other reagents were 
from Sigma-Aldrich.

Plasmids for Cellular BRET and IP1 Accumulation Assays. Plasmids encod-
ing masGRK3ct-Nluc, Venus (1 to 155)-Gγ2, and Venus (155 to 239)-Gβ1 have 
been described previously (66) and were kindly provided by Kirill Martemyanov. 
Plasmids containing muscarinic acetylcholine receptor 3 (M3) or PTX-S1 cDNA in 
a pCAGGS backbone were a kind gift from Asuka Inoue. The plasmid encoding 
Gα11iN1-29 for mammalian expression was generated via Gibson Assembly. 
Mutations of the human Gα11 and Venus (156 to 239)-Gβ1 cDNA in pcDNA3.1 
were generated using a QuikChange site-directed mutagenesis protocol with 
small modifications (67). Double mutations in Venus (156 to 239)-Gβ1 were gen-
erated accordingly using Venus (156 to 239)-Gβ1 R96A as the template. Primers 
used for mutagenesis and cloning of Gα11iN1-29 for mammalian expression 

Fig. 7.   Schematic proposing a reclassification of GDIs for Gq/11 proteins/large G protein GTPases. FR/YM-type GDIs inhibit Gα nucleotide exchange while binding 
to Gβγ, whereas rationally designed nucleotide-state specific GDIs, often selected to bind to Switch II (14), may compete with Gβγ in their action. Therefore, FR- 
and YM-type GDIs inhibit signaling of large heterotrimeric G protein GTPases in living cells, whereas GDIs that compete with Gβγ prevent GDP release in vitro 
but potentially prolong Gβγ signaling in the living cell context.
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are detailed in SI Appendix, Table S3. Plasmids with the desired mutations were 
selected after DNA sequencing (Eurofins Genomics, Ebersberg, Germany).

Cell Lines/Cell Culture for Cellular BRET and IP1 Accumulation Assays. 
CRISPR/Cas9 generation of HEK293 ∆Gq/11 and HEK293 Δ7 cells was reported 
elsewhere (15, 38). Cells were cultured in DMEM supplemented with FCS (10% 
V/V), penicillin (100 U/mL), and streptomycin (100 µg/mL) and grown at 37 °C 
and 5% CO2.

BRET Assays. Cells were transfected 24 h before the experiments using 
Polyethyleneimine (PEI, 1 mg/mL). Transfection was performed according to the 
manufacturer’s instructions (DNA to PEI solution ratio 1:3). For activation and inhi-
bition testing of G11 heterotrimers, approximately 2.8 × 106 cells were seeded 
into 10-cm dishes and immediately transfected with plasmids containing the 
following cDNA (amounts per dish): M3 receptor (1.5 µg), masGRK3ct-Nluc (0.4 
µg), wild-type or mutant Venus (156 to 239)-Gβ1 (0.4 µg), (1 to 155)-Gγ2 (0.4 
µg), wild-type or mutant Gα11 (0.8 µg), PTX-S1 (0.4 µg). Empty pcDNA3.1 vector 
was added to a total DNA amount of 5 µg per condition. Cells were washed with 
PBS, detached with trypsin, and centrifuged at 130×g for 3 min. After washing 
with PBS, cells were centrifuged again and resuspended in BRET buffer (HBSS 
supplemented with 20 mM HEPES). Approximately 80,000 cells per well were 
seeded into white 96-well flat bottom plates (Corning, Corning). For carbachol 
concentration–response curves, cells were mixed with Nano-Glo (final dilution 
1:1,000) and agonist. For inhibitor concentration–response curves, cells were 
incubated with inhibitor in BRET buffer for 15 min. All inhibitor dilutions and the 
buffer control were equalized to the same DMSO content. Afterward, cells were 
mixed with Nano-Glo (final dilution 1:1,000) and agonist. After approximately 
one minute of incubation, luminescence (475 nm ± 30 nm) and fluorescence 
(535 nm ± 30 nm) were measured using the BMG PHERAstar® FSX plate reader 
for 0.48 s once per minute for 5 min at 28 °C. The BRET ratio was calculated by 
dividing fluorescence emission values by luminescence emission values. BRET 
signals in concentration–response curves are means of the fourth and fifth (min-
ute) measurement shown as an increase in BRET ratio over buffer. For measuring 
heterotrimer stabilization, approximately 350,000 cells per well were seeded 
into 6-well plates and were transfected 24 h later with plasmids containing the 
following cDNA (amounts per dish): masGRK3ct-Nluc (0.025 µg), wild-type or 
mutant Venus (156 to 239)-Gβ1 (0.2 µg), (1 to 155)-Gγ2 (0.2 µg), wild-type 
or mutant Gα11 (1 µg), PTX-S1 (0.05 µg). Empty pcDNA3.1 vector was added 
to a total DNA amount of 2 µg per well. Cells were washed with PBS, detached 
by gentle scraping, centrifuged at 500×g for 5 min, and resuspended in BRET 
buffer (HBSS supplemented with 20 mM HEPES). Approximately 20,000 cells 
per well were seeded into white 96-well flat bottom plates (Corning, Corning) 
and mixed with Nano-Glo to a final concentration of 1:1,000. After five minutes 
of incubation, luminescence (475 nm ± 30 nm) and fluorescence (535 nm ± 30 
nm) were measured using the BMG PHERAstar® FSX plate reader for 2.88 s every 

15 s for 20 min at 28 °C. Inhibitor dilutions or DMSO-adjusted BRET buffer were 
added manually after 120 s of baseline read. The BRET ratio was calculated by 
dividing fluorescence emission values by luminescence emission values. BRET 
signals in kinetic measurements are shown as buffer-corrected increase in BRET 
ratio over baseline by subtracting the mean of the baseline-read and buffer values 
corresponding to each data point.

IP1 Accumulation Assay. IP1 accumulation was measured with homogeneous 
time resolved fluorescence (HTRF) technology using the IP-One Gq Detection 
Kit (Revvity) following the manufacturer’s instructions. HEK ∆Gq/11 cells were 
transfected as described above (cf. BRET assays, for measuring heterotrimer sta-
bilization). 28 h after transfection, cells were trypsinized and washed in PBS. After 
resuspension in LiCl-containing assay buffer to stop the breakdown of IP1, cells 
were seeded at a density of 50,000 cells per well into white 384-well plates. 
Buffer, FR900359, or YM-254890 were added to a final concentration of 10 µM. 
After 60 min of incubation at 37 °C to allow accumulation of intrinsically produced 
IP1, cells were lysed and incubated with the kit’s detection reagents for 60 min 
at room temperature. HTRF ratio values were measured using a Mithras LB 940 
plate reader (Berthold Technologies). IP1 concentrations in nM were calculated 
using a previously recorded standard curve.

Data, Materials, and Software Availability. Coordinates and structure factors 
data have been deposited in the Protein Data Bank (PDBids: 8QEG (68) and 
8QEH (69)).
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